Lipids have been observed attached to lumen-facing surfaces of mature xylem conduits of 2 several plant species, but there has been no research on their functions or effects on water 3 transport, and only one lipidomic study of the xylem apoplast. Therefore, we conducted 4 lipidomic analyses of xylem sap from seven plants representing six major angiosperm clades, 5 including basal angiosperms, monocots, and eudicots, to characterize and quantify 6 phospholipids, galactolipids, and sulfolipids in sap. We also imaged locations of lipids in vessels 7 of Laurus nobilis using confocal and transmission electron microscopy (TEM). Xylem sap was 8 extracted from cut woody stems, partially freeze-dried to concentrate the sap, extracted, and 9 analyzed via mass spectrometry. Lipids were imaged in xylem using TEM and confocal 10 microscopy. Lipids in xylem sap included the galactolipids di-and mono-11 galactosyldiacylglycerol (DGDG and MGDG), as well as all common plant phospholipids, but 12 only traces of sulfolipids, with total lipid concentrations ranging from 0.18 to 0.63 µmol / L 13 across all seven species. Lipid layers coated all lumen-facing vessel surfaces of Laurus nobilis, 14 and lipids were highly concentrated in inter-vessel pits. The findings suggest that apoplastic, 15 amphiphilic xylem lipids are a universal feature of angiosperms. They are concentrated in inter-16 vessel pits, where their low surface tension is likely to affect bubble entry via air seeding from 17
1 Averaged across species, lipids with 34:1-3 (carbon atoms:number of double bonds) and 36:3-5 2 accounted for 84.0 (± 4.9 SD)% of all apoplastic xylem lipids. The lipid composition of the 3 galactolipids, with a total of 4 double bonds prominent, suggests that 18:2 and/or 18:1 fatty acids 4 are common. 5 Visualization of lipids in xylem vessels 6 Treatment with FM1-43 showed continuous lipid layers on vessel surfaces of Laurus nobilis, 7 with high concentrations in inter-vessel pits (Fig. 4A-B ). Pit membranes were clearly visible 8 under confocal laser scanning microscopy as thick, pillow-shaped, black structures with lipid 9 coatings on either side and some faint labelling inside the membranes. Never-dried pit 10 membranes of Laurus were 1,252 nm (± 238 nm, standard deviation; n = 36 pit membranes) 11 thick under confocal microscopy ( Fig. 4A-B under confocal microscopy on vessel and pit surfaces and on the pit membrane ( Fig. 4A-B) . The most important take-home message of this study is that amphiphilic lipids exist in xylem 21 conduits across the angiosperm phylogeny, including basal angiosperms (magnoliids), monocots, 22 and eudicots. Phospholipids have been found in xylem sap before (Gonorazky et al., 2012 , 23 Schenk et al., 2017 , but this is the first lipidomic analysis of xylem sap for multiple species and 24 the first report of galactolipids anywhere in the plant apoplast. These findings raise questions 25 about the functions of these lipids in xylem conduits of angiosperms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1 Chemical composition of xylem sap lipids 2 The concentrations of lipids in xylem sap were surprisingly consistent across species, with the 3 two species from the magnoliid clade, Laurus and Liriodendron, having about a third of the 4 concentrations of the other five species (Fig. 1 ). Because lipid micelles or lipid-coated gas 5 bubbles in xylem sap are mostly larger than 50 nm in diameter (Schenk et al., 2017) and 6 therefore too large to pass through pit membrane pores, which do not exceed 20 nm in hydrated 7 pit membranes (Choat et al., 2003 , Zhang et al., 2017 , it is likely that the observed xylem sap 8 lipids originate largely from conduits cut open for the sap extraction. To account for this, we 9 analysed the vessel volumes of the seven species and found no significant relationship between 10 lipid concentrations in sap and vessel volumes ( Fig. 2 ). However, it is worthy of note that the 11 desert shrub Encelia had high lipid concentration despite having the smallest vessel volume and 12 the tropical liana Distictis did not have the highest lipid concentrations, despite having much 13 larger vessel volume than any of the other species (Fig. 2) . These findings could have something 14 to with the environmental conditions in which these species are found.
15
Lipids are insoluble and in xylem conduits most are attached to surfaces (Fig. 4; Schenk et al., 16 2018), so the amounts extracted in sap may only be a small fraction of all apoplastic xylem 17 lipids. Quantification of all apoplastic lipids in xylem would require either complete extraction 18 from individual conduits with organic solvents and/or detergents, which could cause artifacts if 19 these substances penetrated into living vessel-associated cells (Morris et al., 2018b) , or 20 quantification of lipids in vessel images via mass spectrometry imaging (Ellis et al., 2013) .
21
The very low concentrations of lipids found in cell contamination controls show that at least 95% 22 of the lipids in xylem sap samples did not originate from cut parenchyma cells at the xylem 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 galactolipids, with a total of 4 double bonds prominent, suggests that 18:2 and/or 18:1 fatty acids 23 are common. Whole tissue data demonstrate that generally shoots are very high in 18:3, while 24 roots and seeds are less unsaturated with more 18:2 and 18:1-containing galactolipids (Devaiah   25   et al., 2006 al., , Huynh et al., 2012 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1 The chemical composition of lipids in xylem sap is different from that found in any cell 2 compartment. Galactolipids made up 75.4% of all lipids in Laurus sap, which is similar to the 3 percentage found in chloroplasts (Dörmann and Benning, 2002) , but mostly the mixture of 4 phospho-and galactolipids in sap was different from that found in any cellular or plastid 5 membrane bilayer. The properties of such mixtures when forming monolayers, bilayers and 6 micelles have never been studied before. Clearly there is an urgent need for research on the 7 dynamic surface tension and molecular structure of different mixtures of phospho-and 8 galactolipids at gas-water interfaces to explore their functions in xylem and possible roles in gas 9 bubble formation. There may also be important roles for xylem proteins in the structure and 10 dynamics of lipid layers in conduits, as found for pulmonary lipid layers (Pérez-Gil, 2008, Parra 11 and Pérez-Gil, 2015) . Proteins are abundant in xylem sap (Buhtz et al., 2004) and in pit 12 membranes (Harrak et al., 1999 , Neumann et al., 2010 , Schenk et al., 2018 and are likely to 13 interact with lipids there. The high PA concentrations found in xylem sap of some species, such as Encelia, Geijera, and 2 Distictis (Fig. 1) were initially a concern, because it was suspected that they could be sampling 3 artifacts. However, treatments of cut xylem surfaces with the PLD inhibitors 1-butanol, 5-fluoro- Moreover, PLD or other phospholipases have never been detected in proteomic analyses of 7 xylem sap (Alvarez et al., 2006 , Djordjevic et al., 2007 , Aki et al., 2008 , Krishnan et al., 2011 , 8 Ligat et al., 2011 , Dugé de Bernonville et al., 2014 , which may not be surprising, because PLD 9 is often bound to membranes and therefore unlikely to occur naturally in xylem sap.
10
These lines of argument all support PA as a natural ingredient of xylem sap in most of the 11 species studied (Fig. 1 ). PA has also been found in relatively high concentrations in xylem sap of 12 tomato plants (Gonorazky et al., 2012) . PA has many functions in plants, interacts with many 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1 less than 20% of the choline concentrations found previously in xylem sap by Schenk et al.
2
(2017). We therefore conclude that the concentration estimates for choline-containing 3 phospholipids in our previous paper were much too high, and this is also supported by a re-4 examination of the data from Schenk et al. (2017) for choline concentrations in xylem sap that 5 was not treated with PLD, which ranged from 0.44 µmol L -1 for Distictis to 1.56 µmol L -1 for 6 Geijera, averaging 1.06 µmol L -1 across all five species studied, which is more than twice the surrounding such cells, which consists mainly of polysaccharides (Chafe and Chauret, 1974 , 17 Fujii et al., 1981 , Wisniewski et al., 1991a , Wisniewski et al., 1991b 1995), as well as across the pit membrane, which mainly consists of cellulose. The transport 19 could involve non-specific lipid transfer proteins (nsLTPs), which can transport lipids across cell 20 walls (Domínguez et al., 2015 , Fich et al., 2016 , Li et al., 2016 , Misra, 2016 and which have 21 been found in xylem cell walls and xylem sap (Buhtz et al., 2004 , Djordjevic et al., 2007 , 22 Krasikov et al., 2011 , Ligat et al., 2011 . 23 One major difference between these two origins of apoplastic lipids is that transport from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 The presence of lipids on xylem conduit surfaces and pit membranes is incompatible with the 8 widely accepted assumption that gas bubble formation in xylem is prevented by the high surface 9 tension of water (Oertli, 1971 , Sperry and Tyree, 1988 , Tyree and Zimmermann, 2002 , Stroock 10 et al., 2014 . There is unequivocal evidence for negative pressure in xylem, and the validity of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1 is that both the low dynamic surface tension of lipids and the formation inside pit membrane 2 pores would limit the bubbles' sizes and keep them below a critical threshold that prevents 3 bubble expansion into embolism (Schenk et al., 2015 , Schenk et al., 2017 . This process could 4 happen under normal xylem water potentials and would allow xylem to operate without 5 spreading embolisms via air seeding from gas-filled conduits. The population of lipid-coated 6 nanobubbles could also function as a gas reservoir that serves as a buffer when dissolved gas in 7 sap exceeds saturation under increasing temperatures (Schenk et al., 2016) .
8
Below a more negative air seeding pressure threshold, gas could still penetrate through the entire 9 length of pit membrane pores, causing a growing bubble to emerge from the pit membrane, 10 where nothing would restrict the bubble's growth and resulting in embolism. This is the widely 11 accepted air seeding mechanism (Sperry and Tyree, 1988 , Tyree and Zimmermann, 2002 , 12 Stroock et al., 2014 , Brodribb et al., 2016 , which is supported by a large body of research. What 13 the new lipid-nanobubble hypothesis could explain is how plants can operate under negative 14 pressure at all without forming embolism even under mildly negative pressure, a feat that 15 engineers have found almost impossible to replicate (Smith, 1994) . If this hypothesis is correct, 16 then lipids are required for water transport under negative pressure. More research on the 17 functions of these lipids is clearly required.
18

Conclusions 19
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Sulfolipids were only found in trace amounts (Tables S2 and S3 ) and are not included in this figure.
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